A comprehensive sequence alignment of 64 members of the family of matrix metalloproteinases (MMPs) for the entire sequences, and subsequently the catalytic and the hemopexin-like domains, have been performed. The 64 MMPs were selected from plants, invertebrates, and vertebrates. The analyses disclosed that as many as 23 distinct subfamilies of these proteins are known to exist. Information from the sequence alignments was correlated with structures, both crystallographic as well as computational, of the catalytic domains for the 23 representative members of the MMP family. A survey of the metal binding sites and two loops containing variable sequences of amino acids, which are important for substrate interactions, are discussed. The collective data support the proposal that the assembly of the domains into multidomain enzymes was likely to be an early evolutionary event. This was followed by diversification, perhaps in parallel among the MMPs, in a subsequent evolutionary time scale. Analysis indicates that a retrograde structure simplification may have accounted for the evolution of MMPs with simple domain constituents, such as matrilysin, from the larger and more elaborate enzymes.-Massova, I., Kotra, L. P., Fridman, R., Mobashery, S. Matrix metalloproteinases: structures, evolution, and diversification. FASEB J. 12, 1075-1095 (1998) 
BACKGROUND
The interactions of cells with the extracellular matrix (ECM) 3 are critical for the normal development and function of the organism. Modulation of cell-matrix interactions occurs through the action of unique proteolytic systems responsible for hydrolysis of a variety of ECM components. By regulating the integrity and composition of the ECM structure, these enzyme systems play a pivotal role in the control of signals elicited by matrix molecules, which regulate cell proliferation, differentiation, and cell death. The turnover and remodeling of ECM must be highly regulated since uncontrolled proteolysis contributes to abnormal development and to the generation of many pathological conditions characterized by either excessive degradation or a lack of degradation of ECM components. Matrix metalloproteinases (MMPs) are a major group of enzymes that regulate cell-matrix composition. The MMPs are zinc-dependent endopeptidases known for their ability to cleave one or several ECM constituents, as well as nonmatrix proteins. They comprise a large family of proteases that share common structural and functional elements and are products of different genes. Ample evidence exists on the role of MMPs in normal and pathological processes, including embryogenesis, wound healing, inflammation, arthritis, and cancer. The association of MMPs with cancer metastasis has raised considerable interest because they represent an attractive target for development of novel antimetastatic drugs aimed at inhibiting MMP activity. Therefore, understanding the structure and function of these key enzymes has significant implications for cancer therapy (1) (2) (3) (4) (5) .
Most members of the MMP family are organized into three basic, distinctive, and well-conserved domains based on structural considerations: an aminoterminal propeptide; a catalytic domain; and a hemopexin-like domain at the carboxy-terminal (Fig. 1) . The propeptide consists of approximately 80-90 amino acids containing a cysteine residue, which interacts with the catalytic zinc atom via its side chain thiol group. A highly conserved sequence (. . .PRCGXPD. . .) is present in the propeptide. Removal of the propeptide by proteolysis results in zymogen activation, as all members of the MMP family are produced in a latent form. The catalytic domain contains two zinc ions and at least one calcium Figure 1 . A) Basic domain structures of MMPs. The images for the propeptide region and the catalytic and homopexin-like domains shown here are from crystallographic sources. The propeptide region is taken from the X-ray structure for stomelysin (PDB code: 1slm) and the remaining portions of the structure are taken from the X-ray structure of the full-length collagenase (PDB code: 1fbl). Catalytic zinc is shown as an orange sphere; calcium ions in the catalytic domain and the hemopexin-like domain are shown in cyan. The propeptide region is shown by the green ribbon, catalytic domain as a surface in pink, hinge region as a surface in white, and the hemopexin-like domain is represented by the ribbon drawing in yellow. B) Schematics of the domain structures of the 23 representative MMPs. Catalytic domain (represented by green) has an insertion of gelatin binding domain in MMP-2 and MMP-9. In all other MMPs, the catalytic domain is a continuous entity.
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ion coordinated to various residues. One of the two zinc ions is present in the active site and is involved in the catalytic processes of the MMPs. The second zinc ion (also known as structural zinc) and the calcium ion are present in the catalytic domain approximately 12 Å away from the catalytic zinc. The catalytic zinc ion is essential for the proteolytic activity of MMPs; the three histidine residues that coordinate with the catalytic zinc are conserved among all the MMPs. Little is known about the roles of the second zinc ion and the calcium ion within the catalytic domain, but the MMPs are shown to possess high affinities for structural zinc and calcium ions (6, 7) . The hemopexin-like domain of MMPs is highly conserved and shows sequence similarity to the plasma protein, hemopexin. The hemopexin-like domain has been shown to play a functional role in substrate binding and/or in interactions with the tissue inhibitors of metalloproteinases (TIMPs), a family of specific MMP protein inhibitors (8, 9) . In addition to these basic domains, the family of MMPs evolved into different subgroups by incorporating and/or deleting structural and functional domains. For example, MMP-2 and MMP-9, also known as gelatinases, incorporated the three repeats homologous to the type-II module of fibronectin into the catalytic domain that has been shown to be involved in binding to denatured collagen or gelatin (10) . This domain, known as the gelatin binding domain or fibronectin type-IIlike domain, is unique to the gelatinases, and so these enzymes are regarded as a separate subgroup among members of the MMP family. Incorporation of a hydrophobic stretch of approximately 25 amino acids, representing a putative transmembrane domain at the carboxy terminus and recognition motif (RXKR) for furin-like convertases at the end of the propeptide domain, is a characteristic of the membrane-type MMPs (MT-MMPs) (11, 12) except MT4-MMP (vide infra). MMP-11 also contains this furin recognition motif and, similar to the MT-MMPs, it is processed into the active form intracellularly (13) . Additional insertion to the three basic MMP domains also includes a proline-rich 54 amino acid insertion in MMP-9 with sequence similarity to the a 2 chain of collagen V (14) . Finally, MMP-7 lacks the hemopexinlike domain and represents the smallest member of the MMP family.
The catalytic activity of the MMPs is regulated at multiple levels including transcription, secretion, activation, and inhibition. The last is accomplished by members of the TIMP family, which presently includes four proteins: TIMP-1, TIMP-2, TIMP-3, and TIMP-4 (8, 15) . Binding of the TIMPs to the catalytic domain results in efficient inhibition of enzymatic activity of MMPs. In the case of gelatinases, the TIMPs have been shown to bind to the zymogen forms of the enzymes. This interaction has been suggested to provide an extra level of regulation by potentially preventing activation (15, 16) . However, it has recently been shown that TIMP-2 forms a trimolecular complex on the surface of the cell with MT1-MMP and proMMP-2, and regulates the formation and levels of concentration of mature MMP-2 (17) . The crystal structure of the catalytic domain of MMP-3 in complex with TIMP-1 has been solved and shows that Cys 1 of the inhibitor interacts with the catalytic zinc ion of the MMP through the a-amino and its carbonyl group, whereas the Thr 2 side chain extends into the S 1 specificity pocket of the enzyme (9) . A critical step in the control of MMP activity is regulated by the generation of active enzyme species with proteolytic activity. The process of activation involves sequential cleavage of the propeptide, which disrupts coordination between the cysteine thiol in the propeptide region with the zinc atom in the catalytic domain. This process is proteolytic and may involve other MMPs acting in a cascade of zymogen activation.
MMPs belong to the superfamily of zinc-peptidases, and the evolutionary relationship of this superfamily has been reviewed (18, 19) . Sang and Douglas (20) analyzed 30 MMP sequences from various sources by multiple-sequence alignment, but their study was limited to analysis of the primary sequences. A total of 66 MMPs have been sequenced to date, of which 17 are from humans, including the recently discovered human enamelysin (MMP-20) and a functional enzyme encoded by the mmp20 gene (GenBank accession number AJ003147, maps to chromosome 16) in the familial Mediterranean fever gene in humans (21, 22) . These human enzymes have counterparts in other vertebrates. MMPs have even been identified in invertebrates (23) (24) (25) and three have recently been sequenced from plant sources (mouse ear cress MMPs, Table 1 ). MMPs are probably more ancient than is currently realized. Their origin might actually be traceable back to bacteria in that a certain amino acid sequence for Bacteroides fragilis metalloproteinase toxin-2 (GenBank accession number U90931) has 59% sequence identity to the continuous 27 amino acid stretch in human MMP-1, which includes the catalytic zinc binding domain and the 'methionine turn' (this is a strictly conserved region with a methionine in the catalytic domain of MMPs responsible for the structural integrity of the zinc binding site). A salient question is why such multiplicity of these enzymes is seen in nature. We wish to add to this question an additional inquiry: What makes them different, and how does the difference in amino acid sequences give rise to structural elements that, in turn, would render a given MMP a distinct enzyme? We have compared amino acid sequences from 64 MMPs from various organisms, vertebrates, invertebrates, and plants to address these questions. Using the available crystal structures for four MMPs (26) (27) (28) (29) , we have modeled the 3-dimensional structures of several representative members of the remaining MMPs to gain insight into their similarities and differences (30, 31) . We have analyzed the entire sequences, the catalytic domains, and hemopexin-like domains of the 64 members of the MMP family in terms of structures, evolution, and interactions with substrates and inhibitors. We also provide an analysis of the structural zinc binding site and the calcium binding site. These are the first comprehensive analyses of this important family of enzymes, and provide fundamental information on evolution and properties of MMPs.
EXPERIMENTAL PROCEDURES
Amino acid sequences of MMPs were obtained from the GenBank, TREMBL, and Swiss-Prot data banks. The sources for all sequences are given in Table 1 . A total of 64 different MMPs were used for this analysis [human enamelysin and the mmp20 gene product with GenBank accession # AJ003147 were not included because they were reported after the completion of our analysis. However, we conducted a separate multiple-sequence analysis with the 64 sequences and the two new MMP sequences after preparing this review. This analysis showed that the clustering pattern was identical to that reported in this article. Human enamelysin grouped with other enamelysins, and the mmp20 gene product showed the closest homology to MT4-MMP]. The multiple-sequence alignments were performed using the program PileUp from the Wisconsin package version 9. Four human MMPs [fibroblast (MMP-1, 1cgl) (26) and neutrophil (MMP-8, 1mnc) (27) collagenases, matrilysin (MMP-7, 1mmq) (28), and stromelysin-1 (MMP-3, 1slm) (29)] have recently been crystallized and their coordinates are available. We used structural information to predict the 3-dimensional structures for the homologous metalloproteinases using the program COMPOSER (Tripos Associates, Inc., St. Louis, Mo.).
We recently reported the computational 3-dimensional models for the catalytic domains of MMP-2 and MMP-9 (30) and also predicted the folding of an additional 17 representative MMP enzymes for which such information has been lacking (31). 
RESULTS AND DISCUSSION
Multiple-sequence analysis for the 64 MMPs was conducted on three different sets of data. In the first set, the complete sequences, including the signal and propeptide regions, were used ( Fig. 2A) . A simplified schematic presentation of Fig. 2A is shown as Fig. 2B . The entire sequences were used to understand the overall evolutionary pathways for diversification. Evolution occurs via separate events of sequence modification of the entire gene such as point mutations, insertions, deletions, gene splitting, and fusions. Mu- tations occur at random regardless of the function of the region of the gene or the domain in order to increase diversity throughout the genes in question, which is why this sequence analysis on the entire protein is informative. The second and third sets for multiple-sequence analyses were carried out on sequence stretches corresponding to the catalytic and hemopexin-like domains of the MMPs (Fig. 3 and Fig. 4 , respectively). These two sets were chosen to study the different evolutionary pressures on these specific domains en route to diversification. Mutations that impair catalytic ability would not be selected. In contrast, substrate specificities for the majority of the MMPs are believed to have been determined by the interactions of protein substrates and TIMPs with either the hemopexin-like domain or the gelatin binding domain (in the case of gelatinases) (32, 33) . Hence, evolution of these domains may reflect evolution of substrate specificities and interactions with TIMPs. Therefore, comparison of the data for analyses of the catalytic domain and hemopexin-like domain with those of the complete sequences would provide information on whether the assembly of the genes encoding these domains occurred at a later time than the differentiation of MMPs into separate subfamilies. Analysis of the entire sequences and the separate analyses of the catalytic and hemopexin-like domains are quite revealing. Analysis of the entire sequences and of the catalytic domains gave rise to 22 distinct subfamilies of MMPs. The number for each cluster is given in brackets and is arbitrary. We tried to correlate the number for the clusters with those for the given MMP when possible. For example, cluster 1 is given to MMP-1. Each analysis produced clusters of enzymes that were individually comprised of MMPs of a given type. The only exceptions were MMP-3 and MMP-10 (stromelysins-1 and -2, respectively), which clustered into one subfamily (Figs. 2 and 3) . However, these stromelysins formed two independent groups in the alignment of the hemopexin-like domains, giving rise to a total of 23 distinct subfamilies of MMPs for this analysis. Figure 5 provides the alignment for the amino acid sequences of the 23 representative enzymes using the PileUp program. This alignment was made consistent with the alignments found by the program COMPOSER, which takes into account the predicted folded structures of the proteins. COMPOSER assigns different contributions for the 'structurally conserved regions', such as elements of well-defined secondary structure, for example, b-strands and a-helices, as opposed to loops, which are considered to be variable areas. In contrast, PileUp does not differentiate between secondary structure elements as does COM-POSER, but rather performs the alignment based solely on sequence homology of amino acids. Therefore, sequence alignments found by COMPOSER and PileUp are based on different principles, yet they have the potential to complement each other. We have edited the result of the PileUp alignment from the insight gained by the COMPOSER analysis, since the 3-dimensional structural information would enhance reliability of this type of analysis considerably. Major protein structural blocks, b-strands and a-helices, have a greater tendency to be conserved during the evolutionary process than do mere sequences of amino acids.
Multiple-sequence analysis of the complete sequences of MMPs
The 22 major subfamilies of MMPs, as discerned from the multiple-sequence analysis and the dendrogram for the 64 MMPs, are shown in Fig. 2A , with a simplified version depicted in Fig. 2B . The chromosome locations for human MMPs are shown (in circles) in Fig. 2B when available. Members of each subfamily generally display similar substrate profiles in different organisms. MMP-3 and MMP-10 clustered in one group, and show almost identical properties and substrate profiles (8) . Genes of the more closely clustered human MMPs all seem to have originated from the same chromosome 11, reflecting the evolutionary process suggested in Fig. 2B .
It has been proposed that the origin of MMPs could be traced to before the emergence of vertebrates from invertebrates (34, 35) . Recent sequencing of three plant MMPs found these enzymes to be homologous to MMPs from vertebrate and invertebrate origins, indicating that this evolutionary process is even more ancient than previously appreciated ( Table 1 ) (36) . Furthermore, the discovery of a peptide sequence for a metal-containing enzyme from B. fragilis suggests that MMPs may be more ancient yet (37) , given that bacteria have been around for longer than 3.5 billion years. The three main branches of the dendrogram in Fig. 2A give rise to the lines that lead to enzymes from the vertebrate (depicted as the 'v' branch), invertebrate (depicted as the 'i' branch), and plant (depicted as the 'p' branch) MMPs, respectively. The only exception is the XMMP from Xenopus (38) . Plant and invertebrate MMPs show a stronger relationship among themselves than to the vertebrate MMPs ( Fig. 2A) . Thus, the vertebrate enzymes are more remotely related to plant and invertebrate MMPs. Although one would expect that the plant MMPs are the most ancient, and therefore the enzymes least related to all other MMPs, our analysis shows that the frog XMMP is the enzyme least related to all other MMPs, itself forming a separate group. This indicates that XMMP either represents a separate yet unidentified group of MMPs or is the last extant member of a primordial MMP. The first possibility seems to be more likely in our view, because XMMP possesses a hemopexin-like domain that is absent in plant MMPs and the nematode enzyme. Indeed, the plant and nematode MMPs have the sim- 
Based on our analysis of Fig. 2A , we see that the sequence of MMP-7 fits well into the alignment of the entire sequences. This is also true for the sequence of the catalytic domains (vide infra), indicating that this enzyme has not existed as an evolutionary exception, or oddity, by not having the hemopexin-like domain.
In light of what appears to be an independent, and perhaps parallel, evolution for MMP-7, the lack of hemopexin-like domain in matrilysin represents a deletion of this domain during evolution (Fig. 1A) .
One can see four major subgroups within the vertebrate branch (Fig. 2A) . One is formed by MMP-19 itself (some refer to this as MMP-18), which is least related to other vertebrate MMPs, besides XMMP. The next branch is that of MMP-11 (stromelysin-3) clustered together with the MT-MMPs. MT4-MMP (MMP-17) shares less similarity to other members of this branch of membrane-type enzymes, and the rest of this subgroup is more closely related to MMP-11 than to MT4-MMP. Both MMP-11 and the MT-MMPs possess the furin recognition site and can be activated by furin-like convertases (11, 39) . The third branch is comprised exclusively of gelatinases, whereas the last branch is made up of all remaining vertebrate MMPs.
Figures 2-4 reveal 22-23 distinct MMPs subfamilies, sequence similarities of which were preserved among various organisms during evolution. It is likely that one would find counterparts to each MMP in various vertebrate organisms. The entire amino acid sequence alignment of the 23 representative members of these subfamilies is shown in Fig. 5 . Human enzymes have been selected in all cases when available. The simplified domain structures of these 23 MMPs are shown in the schematic of Fig. 1B . Consistent with earlier knowledge, the analysis depicted in Fig. 5 and the alignment produced by the PileUp program revealed that all MMPs, except that from nematode, have signal sequences, followed by the propeptide region containing the characteristic motif called the 'cysteine switch' (40) 
. The common pattern for this cysteine switch is [PSL]-[RT]-C-[GS]-[VNL]-[PASYE]
-D, where boldface letters designate the most commonly found amino acids. In addition, MMP-11 and the MT-MMPs (except MT4-MMP) contain a RXKR motif in the propeptide that has been postulated to represent a cleavage site for furin-like enzymes (11, 13, 39) . This cleavage pattern also appears in nematode MMP (two repeats) and in XMMP, as seen in the sequence alignment. MT4-MMP and the mmp20 gene product have a variation of the furin-like recognition sequence as RRRR (instead of RXKR) at this position.
The sequence of the nematode MMP seems to be considerably shorter at the amino terminus (24) , which either reflects that the amino-terminal portion of the enzyme was not sequenced entirely or that this enzyme has a totally different mechanism for activation. The amino-terminal portion of the nematode MMP that precedes the catalytic domain has only 48 amino acids, compared to 100-200 amino acids in other MMPs. The propeptide sequence forms a cap over the active site of this MMP, with the critical cysteine residue providing the fourth coordination to the catalytic zinc ion, as seen in the crystal structure of stromelysin-1 (41) . We also see a conserved signature for the catalytic zinc ion binding site of MMPs, with the consensus pattern containing a so-called methionine turn (40, 42) 
, [VAIT]-[AG]-[ATV]-H-E-[FLIV]-G-H-[ALMSV]-[LIM]-G-[LM]-X-H-[SITV]-X(5)-[LAFIV]
-M, where X denotes any residue and X(5) means there are five residues between the flanking sites. The three histidines shown in italics chelate the catalytic zinc ion, and the methionine (also depicted in italics) is located underneath the cavity formed by these histidines, providing increased hydrophobicity in this area to enhance zinc binding ability of histidines (42) . Figure 3 shows the multiple-sequence analysis carried out for the regions encoding exclusively the catalytic domains. Again one sees 22 distinct clusters, with MMP-3 and MMP-10 in one group. We no longer see three clearly delineated (separate) large groups for invertebrate, vertebrate, and plant MMPs, although there appears to be some tendency for MMPs from these sources to group together. The catalytic domains of the MT-MMPs do not usually appear to be closely related to one another (for example, position of MT4-MMP in Fig. 3 ). An unexpected finding was that the catalytic domains of MMP-2 and MMP-9 (gelatinases) are not clustered together. Also, unlike sequence analysis for the entire enzymes, sequences for the catalytic domains did not sequester according to the location of the respective genes within the given chromosome. These observations collectively argue for the fact that the catalytic domains of these MMPs likely evolved in parallel, indicating that the selection pressure for the catalytic domain was distinct in the course of the diversification of this family of enzymes.
Multiple-sequence analysis of regions encoding the catalytic domain of MMPs

Three-dimensional structures of the catalytic domains of the 23 representative MMPs
The unique features of 3-dimensional structures of these enzymes were studied by developing computational models for the 23 catalytic domains. The crystal structures of the catalytic domains of four MMPs (MMP-1, MMP-3, MMP-7, and MMP-8) have been elucidated (26) (27) (28) (29) . We modeled the catalytic domain structures of the remaining 19 representative enzymes on the basis of the similar fold of the proteins that have been crystallized (30, 31; coordinates for the structures of the modeled MMP catalytic domains can be obtained from our group web page: http:// sun2.science.wayne.edu/Çsomgroup). Closer examination of the structures of the catalytic domains revealed that a conserved aspartic acid is found in the vicinity of the methionine turn, the side chain of which is buried inside the core of the domain. The only variation to this pattern is seen in the rabbit MT1-MMP, which has a glutamic acid in this position. The two side chain oxygens of the aspartic acid form two critical structural hydrogen bonds to the backbone amides, one with the methionine of the methionine turn and another with the residue preceding the methionine. The conservation of this pattern/ motif in all 64 known MMPs argues that these three histidines are absolutely required structural elements for the precise positioning of the catalytic zinc ion for effective catalysis. These three amino acids are marked with the pound sign (#) in Fig. 5 .
We investigated the nature of two additional zinc and calcium binding sites formed by b-strands and turns in the proximity of the catalytic zinc in all the MMPs (31). The 64 MMPs developed at least four different ways to bind to this structural zinc ion. For the majority of MMPs (60 enzymes representing 20 subfamilies of the total of 23 identified by us), this site is provided by the side chains of an aspartic acid and three histidines (marked as an in Fig. 5 ). The signature for the binding site of the structural zinc and the calcium ion in the 60 MMPs is
The letters in bold italics represent residues that provide side chains for coordination to the structural zinc and calcium; X(5, 7, 9) indicates five, seven, or nine variable residues in between the flanking sites. The . . .FYS. . . region in this pattern is close to the coordinated histidines, a result of the enzyme fold. The presence of these hydrophobic residues creates an increased hydrophobic environment and enhances the binding affinity for the metal ions. The human MMP-11 has an aspartic acid instead of one of His d , which is different from the MMP-11 from rabbit and mouse, which still have a histidine at this position, suggesting that MMP-11 (comparing those from human, rabbit, and mouse) does not possess a unique motif for binding of the structural zinc. The chicken CMMP, the frog XMMP, and the human MMP-19 form a separate subfamily in the multiple-sequence
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dendrograms and each has a unique motif for coordination to the structural zinc ion (31) . The chicken CMMP has a histidine present where the majority of MMPs have an aspartic acid coordinated to the second zinc ion. A cysteine residue (Cys 174 ) adjacent to the fourth coordinated histidine implicates two possibilities for the binding mode of the structural zinc in CMMP. This cysteine may either provide a site for protein dimerization or another binding mode for the second zinc ion in CMMP (three original histidines and the cysteine coordinated to the zinc ion). This cysteine residue is also present in the sequence of the frog XMMP at the same position. The structural zinc coordination in MMP-19 is seen with two histidines at usual positions and one cysteine at the corresponding position as discussed for CMMP and XMMP, and the third histidine four residues toward the amino terminus. It has a noncoordination serine at the position where most MMPs have the third histidine (Fig. 5) . The position of the third histidine is on a different b-strand, and the orientation of the side chain for the fourth coordination site is perfectly acceptable. Hence, the variations noted in the coordination to structural zinc ion may be indicative of the different outcomes for selection of novel enzymic activities. Furthermore, the dendrogram shown in Fig. 3 indicates that these variations in the zinc binding motif came about as a consequence of independent, unrelated evolutionary processes.
Calcium ion coordinates with six elements in the 3-dimensional structures of catalytic domains of MMPs, which come into close proximity for coordination as an octahedron. In all 64 MMPs, three of these elements, which are the side chains of amino acid residues, are conserved. These are two aspartic acids and one glutamic acid (marked by '%' in Fig.  5) . A minor variation is seen only for the human MT4-MMP, which has an asparagine residue instead of the second aspartic acid. The other three calcium ligands are provided by the backbone carbonyl oxygens of three residues within a turn. Positions are marked by the letter 'B' in Fig. 5 . The spatial location of the catalytic zinc ion, structural zinc ion, and the calcium ion are shown in Fig. 6 . Figure 4 shows the results of multiple-sequence alignment for the hemopexin-like domains by themselves. This domain is absent in MMP-7 (matrilysin), in all known plant MMPs, and in the nematode MMP. The sequences of the hemopexin-like domains of invertebrate MMPs are the least related to all other MMPs, which indicates their ancient origin. In some MMPs, the hemopexin-like domains have been shown to facilitate binding and denaturation of the macromolecular substrates; it would be interesting to correlate clustering schemes for the hemopexin-like domains of MMPs to their substrate specificities. Because of the multiplicity of the known substrates for some of these enzymes and, in contrast, the paucity of any information on substrates for other MMPs, it is extremely difficult to draw any substantial conclusions on this issue. On the other hand, one cannot help but notice the diversification of the hemopexin-like domains seen in these proteins; insofar as this domain is clearly linked to the issue of substrate specificity, the diversity in this domain for the various MMPs indicates different evolutionary tangents pursued by these functionally distinct enzymes.
Multiple-sequence analysis of regions encoding the hemopexin-like domain of MMPs
Murphy and Knäuper (32) recently reviewed the role of the hemopexin-like domains in relation to the substrate specificities and activities of various MMPs. It was suggested that the hemopexin-like domains mediate binding of MMP-1, MMP-8, MMP-13, and MMP-3 to collagen and that the complex participates in the cleavage of triple helical collagen. In the case of MMP-2 and MMP-9, the hemopexin-like domain is important for interactions with TIMPs, although the high degree of sequence similarity and the likely structures of the hemopexin-like domains of the gelatinases suggest there is a high degree of specificity in the binding of TIMPs to the latent forms of these enzymes. For example, TIMP-1 binds exclusively to latent MMP-9 (K d Ç35 nM), whereas TIMP-2 binds to latent MMP-2 (K d Ç5 nM) (43) . We have recently shown a biphasic binding of TIMP-1 and TIMP-2 to the latent forms of MMP-9 and MMP-2, respectively, with the hemopexin-like domain representing the high-affinity binding site (43) . Removal of the hemopexin-like domain of MMP-2 decreases the affinity of TIMP-2 for the active site without significantly affecting enzymatic activity. TIMP-1, which efficiently inhibits the active form of MMP-2, does not bind to a carboxy-terminally truncated MMP-2 form, demonstrating the importance of the hemopexin-like domain in interactions of TIMP-1 with active MMP-2 (43). The hemopexin-like domain of MMP-2 has also been shown to play a role in zymogen activation by MT1-MMP (44, 45) . It has also been suggested that the hemopexin-like domain of MMP-2 plays a role in the binding of the enzyme to integrin a v b 3 (46, 47) , a process that may facilitate localization of MMP-2 on the cell surface. The alignment of the hemopexinlike domains shows that MMP-2 and MMP-9 fall into two different clusters. The hemopexin-like domain of MMP-9 diverges at a higher hierarchial level, implicating that it is somewhat different from that of MMP-2 even though both are involved in TIMP binding. In contrast to gelatinases, there is not enough biochemical data on the various roles of hemopexin-like domains for all known MMPs, which may be different in each case. The interesting diversification of this domain and its effect on the functions of various MMPs can also be seen in the dendrogram of Fig. 4 . With the exception of envelysin and XMMP, all other hemopexin-like domains fall under one cluster. The hemopexin-like domain of MMP-9 formed a cluster by itself (vide infra), whereas those of MMP-11, MMP-19, and the MT-MMPs formed a separate cluster; all remaining MMPs constitute an additional cluster.
The hemopexin-like domain of envelysin forms a separate cluster from those of the other MMPs. Envelysin degrades the protective fertilization envelope, a complex of glycoproteins, releasing the embryos of sea urchin, although the individual glycoproteins have not yet been identified. Envelysin is also known to hydrolyze small peptides like substance P, oxidized insulin B, and collagenase substrate-like small peptide (48) . In a recent study, it was also shown that the hemopexin-like domain of envelysin determines substrate specificity for this enzyme (24) . The substrate specificity of envelysin is believed to be similar to that of stromelysin-1, which also degrades the fertilization envelope proteins of greater than 100 kDa. From the position of envelysin in the dendrogram as well as from the available functional data on this enzyme, it would appear that the hemopexin-like domain of this MMP is distinct from the rest and diverged early from those of the other MMPs.
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Enamelysin is detected during the development of the enamel matrix and is expressed specifically in the enamel tissue. According to this report as well as one by other investigators (49) , enamelysin forms a separate subfamily of MMPs. It is difficult to correlate its substrate specificity to the hemopexin-like domain alignment from the limited biochemical data available. However, its position suggests that it may be quite different from other collagenases. Recently, MMP-20 has been sequenced and its gene has been mapped to chromosome 11 (21) . Our analysis of the complete sequences of MMPs (without human enamelysin) showed that pig enamelysin and other MMPs that are mapped together to chromosome 11 cluster together (Fig. 2B) . In GenBank, another human metalloproteinase that is a product of the gene mmp20 has recently been reported (accession number AJ003144); this enzyme is mapped to chromosome 16. Only 183 amino acids are reported in its sequence; it probably is not sequenced completely and is not included in our current analysis (22) .
The hemopexin-like domain of MMP-12 shows clustering by itself into a separate subfamily in close relation to enamelysin. Thus, the hemopexin-like domain of MMP-12 appears to have diverged into a separate subfamily (i.e., specialized) earlier than the hemopexin-like domains of the stromelysins and collagenases (MMP-1, MMP-3, MMP-8, MMP-10, and MMP-13, the exception being MMP-11), underscoring the role of MMP-12 as an 'elastase'. Despite the lack of a hemopexin-like domain, MMP-7 possesses a substrate preference similar to that of MMP-12, suggesting that the influence of the hemopexin-like domain on substrate interactions is limited, and other sites may play a role in determining substrate specificity. Indeed, comparison of the entire sequences of MMP-7 and MMP-12 ( Fig. 2) shows that the clusters of these enzymes are equally remote from other MMPs, which, to put it another way, are equally distinct from other collagenases, gelatinases, stromelysins, and MT-MMPs.
MMP-13 possesses a substrate specificity that is broader than that of the other collagenases such as MMP-1 and MMP-8. The hemopexin-like domain of MMP-13 distinguishes itself by clustering into a separate subfamily, diverged at a higher level of hierarchy than MMP-1 and MMP-8. The frog collagenase-4 cleaves collagen type I, similar to MMP-1, and also possesses a weak gelatinolytic activity. This enzyme has been classified as a different type of collagenase due to its characteristic cleavage pattern of gelatin (50) . This is supported by analysis of the sequences of hemopexin-like domains presented here, where the hemopexin-like domain of collagenase-4 clusters differently than those of other collagenases.
The newt MMPs have not been studied extensively to define their substrate specificities. However, in a sequence comparison study, these were classified as 'stromelysin type' (51) . In our analysis, the newt MMPs also fell into a subfamily comprised of collagenases and stromelysins (MMP-13, MMP-1, MMP-10, CMMP, and MMP-8). MMP-1, MMP-10, MMP-3, MMP-8, and CMMP form closely akin, independent clusters, indicating that they are related, yet possess differentiated substrate specificities.
The hemopexin-like domain of MMP-11 (stromelysin-3), along with that of MMP-19 and MT-MMPs, diverged and formed a separate subfamily. MMP-11 is the first MMP reported to be activated intracellularly by means of a furin-like convertase and has been shown to be unable to cleave any of the major extracellular matrix components like other collagenases and stromelysins (52) . The hemopexin-like domain of MMP-11 clustered separately in our analysis, suggesting distinct functional properties. Analysis of the role of the hemopexin-like domains and their relation to substrate specificities, if any, for the MT-MMP subfamily is more complex due to the presence of the transmembrane domain (vide infra). The hemopexin-like domains of all four known MT-MMPs form a subfamily of their own. Though there is not enough biochemical data on MT-MMPs, from the alignment of the hemopexin-like domains one can say that these domains have diverged to a significant extent from those of the other MMPs (except MMP-11), suggesting that their functional roles are different from the rest. XMMP has not been studied extensively for natural substrates. However, the results of the alignment of the complete sequence and the hemopexin-like domain of XMMP suggest that the substrate profile of XMMP may also be different from those of the other MMPs.
General folding of the catalytic domains of MMPs
In a previous study of the structural aspects of MMP-2 and MMP-9 (30), we investigated the binding modes of peptide substrates in the active sites of six MMPs (four crystallized and two modeled). Residues marked by the letter 'J' in Fig. 5 provide the anchoring interaction to the backbone elements of a potential substrate. The general structural comparison of the 23 representative MMPs revealed four areas of topological variability in the catalytic domains of the 64 MMPs. These areas are formed by four loops, three of which are located in the vicinity of the substrate binding region. These regions are marked by the letters 'X', 'Y', 'Z', and '$' (Fig. 5) . Figure 6 shows the ribbon representation for two typical folds found for MMPs: one is for the human MMP-12 and another is MMP-19 (Fig. 6A, B, respectively) . The three variable loops (at 10, 5, and 3 o'clock positions designated (in Fig. 5) as X, Z, and $, respectively) that could have contact with the bound substrates (vide infra) are shown in white in catalytic domain and is not especially highlighted in Fig. 6 (at 10 o'clock) . The region designated by the letter X (at 10 o'clock in Fig. 6) is formed by the turn between the two antiparallel b-strands. These bstrands provide some of the binding ligands for the structural zinc and calcium binding sites. Our previous models for substrate binding in the active site of MMPs revealed that substrate can acquire an extended conformation (30) . In such a binding mode, the unprimed portions [for convention on identification of substrates in protein-substrate complexes and their binding sites in proteases, consult Berger and Schechter (53)] of substrates would have contacts to the X loop. This loop is shorter in the human MMP-19 (Fig. 6B) , frog XMMP, envelysins, plant MMPs, and nematode MMP than in all other MMPs. The shorter X loop makes the unprimed areas of the active site more open in these enzymes. The $ loop has contacts with the primed portion of the substrate (P 3 position) and is located at 3 o'clock in Fig. 6 . The Z region (at 5 o'clock in Fig. 6 ) is an ''V'' loop, which forms the S 1 binding pocket; in the crystallized full-length porcine MMP-1, this loop has contacts through side chains and bridging water molecules to the hemopexin-like domain of the enzyme (54, 55) . The length of this loop will control the size of the residue at P 1 position of the substrate. The composition of the loop will have an effect on substrate specificity (30) . Furthermore, binding of protein substrates by some MMPs is influenced by interactions with the hemopexin-like domain (32) . Nonetheless, the specificity of small synthetic substrates is triggered by their interactions solely with the active site in the catalytic domain and its surroundings. This is probably true even for gelatinases, since the catalytic domain of MMP-2 with excised gelatin binding domain is still active in hydrolysis of synthetic peptides (10, 56) . Substrates interact with the loops designated X, $, and Z at unprimed and primed portions, and structural variability of these loops provide the diversity of such interactions.
CONCLUSION
The foregoing examined sequence similarities, sequence alignments, and structural aspects in arriving at an understanding of the important functions for the family of matrix metalloproteinases. Our analysis of the structures of MMPs in view of their evolutionary relationship follow the limitations of the primary sequence alignment and the prediction of the 3-dimensional structures, but present a distinctive way of looking at the multidomain structures like those of MMPs. The fact that alignment of the entire sequences and those for the catalytic domains and the hemopexin-like domains produced essentially the same numbers for the clusters (22-23 clusters) and that the composition for the clusters appear to be the same in each case is not coincidental. What this reveals to us is the likely scenario that domain assemblies occurred in an early stage of the diversification of these enzymes and that they progressed through the evolutionary process independent of one another, and perhaps in parallel to each other. This fact does not divorce itself from the obvious premise that at some primordial point in the evolution of these enzymes they must have existed as simple single-domain proteins that underwent gene fusions to generate the more complicated multidomain enzymes. This point is perhaps best underscored by the examples of the three plant MMPs and the sole enzyme from nematode. These clearly are modern variants of enzymes that did not undergo major structural elaboration in their development. However, our analysis also demonstrates that there are examples where evolution progressed in the reverse direction: a more complicated multidomain enzyme underwent truncation in its gene sequence to give rise to a less elaborated protein of fewer domains. An example of this type of retrograde process is matrilysin (MMP-7), which contains only the signal peptide, the propeptide, and the catalytic domain.
It is not clear how many more MMPs exist in nature, and our understanding of the actual functions of these enzymes is now at a rudimentary stage. As more sequences of MMPs become available, the analysis presented here should be updated and correlated with the new structural information that will be determined for these important enzymes. Nonetheless, the exercise presented here is the first step toward appreciation of the evolutionary processes that led to the diversification of these enzymes, with the attendant myriad of activities of central importance to both the physiology and pathology of living organisms.
